We give a quantitative analysis of the electric dipole moments as a probe of high scale physics.
Introduction
In the standard model the electric dipole moments of elementary particles are very small [1] . Thus for the electron it is estimated that |d e | 10 −38 ecm and for the neutron the value ranges from 10 −31 − 10 −33 ecm. This is far beyond the current sensitivity of experiments to measure. However, in models of physics beyond the standard model much larger electric dipole moments, orders of magnitude larger than those in the standard model, can be obtained (for a review see [2] ). Thus in the supersymmetric models the electric dipole moments of elementary particles such as the electron and the quarks can be large enough that the current experimental upper limits act as constraints on models. Indeed often in supersymmetric theories for light scalars, the electric dipole moments can lie in the region larger than the current upper limits for the electron and the neutron EDMs.
This phenomenon is often referred to as the SUSY EDM problem. One solution to the SUSY EDM problem is the possibility that the CP phases are small [3] . Other possibilities allow for large, even maximal, phases and the EDM is suppressed via the sparticle masses being large [4] or by invoking the so called cancellation mechanism [5] where contributions from various diagrams that generate the electric dipole moment interfere destructively to reduce the electric dipole moment to a level below its experimental upper limit.
In the post Higgs boson discovery era the apparent SUSY EDM problem can be turned around to ones advantage as a tool to investigate high scale physics. The logic of this approach is the following: The high mass of the Higgs boson at 126 GeV requires a large loop correction to lift its value from the tree level, which lies below the Z -boson mass, up to the experimental value. A large loop correction requires that the scalar masses that enter in the Higgs boson loop be large so as to generate the desired large correction which requires a high scale for the sfermion masses.
Large sfermions masses help with suppression of flavor changing neutral currents. They also help resolve the SUSY EDM problem and help stabilize the proton against decay via baryon and lepton number violating dimension five operators in supersymmetric grand unified theories.
In this work we investigate the possibility that EDMs can be used as probes of high scale physics as suggested in [6, 7, 8, 9] . Specifically we focus here on the EDM of the electron since it is by far the most sensitively determined one than any of the other EDMs. Thus the ACME Collaboration [10] using the polar molecule thorium monoxide (ThO) measures the electron EDM so that d e = (−2.1 ± 3.7 stat ± 2.5 syst ) × 10 −29 ecm.
The above corresponds to an upper limit of |d e | < 8.7 × 10 −29 ecm ,
at 90% CL. The corresponding upper limits on the EDM of the muon and on the tau lepton are [11] |d µ | < 1.9 × 10 −19 ecm ,
and are not as stringent as the result of Eq. (2) even after scaling in lepton mass is taken into account. Further, the limit on d e is likely to improve by an order of magnitude or more in the future as the projections below indicate
Fr [12] |d e | 1 × 10 −29 ecm
YbF molecule [13] |d e | 1 × 10 −30 ecm
WN ion [14] |d e | 1 × 10 −30 ecm
In the analysis here we will first consider the case of MSSM where the CP phases enter in the soft parameters such as in the masses M i (i=1,2) of the electroweak gauginos, and in the trilinear couplings A k and in the Higgs mixing parameter µ. Here we will investigate the scale of the slepton masses needed to reduce the electron EDM below its upper limit for the case when the CP phases are naturally O(1). We will see that this scale will be typically high lying in the range of tens of
TeV to a PeV (For a discussion of PeV scale in the context of supersymmetry in previous works see, e.g., [15] ). We will carry out the analysis for the case where we extend MSSM to include a vector like leptonic multiplet and allow for mixings between the vector like multiplet and the three sequential generations. We will study the parametric dependence of the EDM on the scalar masses, on fermion masses of the vector like generation, on CP phases and on tan β.
The outline of the rest of the paper is as follows: In Section 2 we discuss the EDM of the electron within MSSM as a probe of the slepton masses. In Section 3 we extend the analysis of Section 2 to MSSM with inclusion of a vector like leptonic multiplet which allows for mixing between the vector multiplet and the three sequential generations. Here we give analytic results for the electron EDM arising from the supersymmetric exchange involving the chargino and neutralinos in the loops.
We also compute the non-supersymmtric contributions involving the W and the Z exchange. In Section 4 we give a numerical analysis of the limits on the mass scales that can be accessed using the results of Section 3. Conclusions are given in Section 5. Further details of the MSSM model with a vector multiplet used in the analysis of Section 3 are given in Appendices A-C.
2 Probe of slepton masses in MSSM from the electron EDM constraint
The supersymmetric Feynman diagrams that contribute to the electric dipole moment of the electron involve the chargino-sneutrino exchange and the neutralino-slepton exchange as shown in Fig. 1 . In the analysis of these diagrams the input supersymmetry parameters consist of the fol-
where Mẽ L etc are the soft scalar masses, M 1 , M 2 are the gaugino masses in the U (1) and SU (2) sectors, A e etc are the trilinear couplings, µ is the Higgs mixing parameter which enters the superpotential as µH 1 H 2 , where H 2 gives mass to the up quarks and H 1 gives mass to the down quarks and the leptons, while tan β is the ratio of the Higgs VEVs so that tan β =< H 2 > / < H 1 > (see Appendix A for discussion of the soft parameters). Further, µ, M 1 , M 2 , and the trilinear coupling A k are complex and we define their phase so that
The analysis of the diagrams of Fig. 1 involves electron-chargino-sneutrino interactions and the electron-neutralino-slepton interactions. For the chargino-sneutrino exchange diagrams one has
where F (x) is a form factor defined by
and
Here U, V diagonalize the chargino mass matrix M C so that
For the neutralino-slepton exchange diagrams one finds
where G(x) is a form factor defined by
where
where b = 3 and T 3e = −1/2. Further, X ij are elements of the matrix X which diagonalizes the neutralino mass matrix M χ 0 so that and D e diagonalizes the scalar electron mass 2 matrix so that
whereẽ 1 andẽ 2 are the selectron mass eigenstates. In Fig. 2 we give a numerical analysis of the electron EDM as a function of m 0 . Here one finds that the current constraint on the electron EDM allows one to probe the m 0 region in the tens of TeV while improvement in the sensitivity by a factor of 10 or more will allow one to extend the range up to 100 TeV -1 PeV.
EDM Analysis by inclusion of a vector generation in MSSM
Next we discuss the case when we include a vectorlike leptonic multiplet which mixes with the three generations of leptons. In this case the mass eigenstates will be linear combinations of the three generations plus the vector like generation which includes mirror particles. The details of the model and its interactions are given in Appendices A-C. Here we discuss the contribution of the model to the electron EDM. These contributions arise from four sources: the chargino exchange, the neutralino exchange, the W boson exchange and the Z boson exchange.
Using the interactions given in Appendix B the chargino contribution is given by
where the functions C L and C R are given in Appendix B and the form factor F (x) is given by Eq. (12) . Using the interactions given in Appendix B the neutralino contribution is given by
where the functions C L and C R are defined in Appendix B and the form factor G(x) is given by Eq. (16) . The contributions to the lepton electric moment from the W and Z exchange arise from similar loops. Using the interactions given in Appendix B the contribution arising from the W exchange diagram is given by
where the functions C W L and C W R are given in Appendix B and the form factor I 1 is given by
The Z boson exchange diagram contribution is given by
where the functions C Z L and C Z R are defined in Appendix B and where the form factor I 2 is given by
Numerical analysis and results
We discuss now the numerical analysis for the EDM of the electron in the model given in Section 3. The parameter space of the model of Section 3 is rather large. In addition to the MSSM parameters, one has the parameters arising from the vectorlike multiplet and its mixings with the standard model generations of quarks and leptons. Thus as in MSSM here also we look at slices of the parameter space to show that interesting new physics exists in these regions. Thus for simplicity in the analysis we assume A ντ = A νµ = A νe = A N = Aν 0 and
νe in the sneutrino mass squared matrix (see Eq. (45)). We also as- In Fig. 6 we exhibit the dependence of |d e | on the phase α µ which is the phase of the Higgs mixing parameter µ. The dependence of |d e | on α µ arises from various sources. Thus the slepton masses as well as the chargino and the neutrino masses that enter in the supersymmetric loop contribution have a dependence on α µ which makes a simple explanation of the dependence on this parameter less transparent. A numerical analysis exhibiting the dependence of |d e | on α µ is given in Fig. 6 . The analysis is done for different tan β ranging from tan β = 20 to tan β = 50.
A similar analysis of the dependence of |d e | on χ 4 for various values of f 4 is given in Fig. 7 . The sharp dependence of |d e | on χ 4 is not difficult to understand. Unlike the case of the dependence of |d e | on α µ which arises mainly from the supersymmetric sector, here the dependence of |d e | on Finally, the effect of mixing of the vectorlike generation with the three lepton generations has negligible effect on the standard model predictions in the leptonic sector at the tree level. However, it does affect the neutrino sector. Specifically taking the mixings into account the analysis presented here satisfies the constraint on the sum of the neutrino masses arising from the Planck Satellite experiment [30] so that
where we assume ν i (i=1,2,3) to be the mass eigenstates with eigenvalues m ν i . Further, the neutrino oscillations constraint on the neutrino mass squared differences [30] are also satisfied, i.e., the 
The analysis given in this section respect all of the collider, i.e., LEP and LHC, constraints.
Specifically the lower limits on heavy lepton masses is around 100 GeV [11] and masses of m E and m N used here respect these limits. However, in addition there are flavor constraints to consider.
Here the constraint µ → e + γ is the most stringent constraint. Thus the above framework allows the process µ → e + γ for which the current upper limit from experiment is [11] 4.4 × 10 −12 .
The analysis of this process requires the mixing of the vectorlike generation with all the three generations. A similar analysis but for the τ → µ + γ was given in [27] and it was found that the model with a vector like generation can produce a branching ratio for this process which lies below the current experimental limit for that process but could be accessible in improved experiment .
In that analysis the scalar masses were in the sub TeV region. However, in the present case we are interested in the PeV size scalar masses. From Figure 3 of [27] , we see that for heavy scalars, the branching ratio decreases rapidly as the masses increase and since we are interested in the PeV size scalars we expect that the µ → e + γ experimental upper limits would be easily satisfied. A full treatment of the processes is, however, outside the scope of this work and will be discussed elsewhere. 
Conclusion
In the future the exploration of high scale physics on the energy frontier will be limited by the capability on the highest energy that accelerators can achieve. Thus the upgraded LHC will achieve an energy of √ s = 13 TeV. Proposals are afoot to build accelerators that could extend the range to an ambitious goal of 100 TeV. It has been pointed out recently that there are other avenues to access high scales and one of these is via sensitive measurement of the EDM of elementary particles, i.e., of leptons and of quarks. In this work we focus on the EDM of the electron as it is the most stringently constrained of the EDMs. In this analysis we have used the current experimental limits on the EDM of the electron to explore in a quantitative fashion the scale of the slepton masses that the electron EDM can explore within MSSM. It is found that the current constraints allow one to explore a wide scale of slepton masses from few TeV to a PeV and beyond. Further, we have extended the analysis to include a vector like lepton generation and allowing for small mixings between the three ordinary generations and the vector like generation. Here in addition to the supersymmetric contribution involving the exchange of the charginos and the neutralinos, one has in addition a contribution arising from the exchange of the W and of the Z bosons. Unlike the chargino and the neutralino contribution which is sensitive to the slepton masses, the W and Z contribution is independent of them. Thus the interference between the supersymmetric and the non-supersymmetric contribution produces a remarkable phenomenon where the EDM first falls and then turns around and rises again as the common scalar mass m 0 increases. This is easily understood by noting that the destructive interference between the supersymmetric and the non-supersymmetric contribution leads first to a cancellation between the two but as the supersymmetric contribution dies out with increasing m 0 the non-supersymmetric contribution becomes dominant and controls the EDM. Thus in this case EDM could be substantial even when m 0 lies in the several PeV region. In the future, the EDM of the electron will be constrained even more stringently by a factor of ten or more. Such a more stringent constraint will allow one to explore even a larger range in the slepton masses. Finally we note that a large SUSY sfermion scale in the PeV region would automatically relieve the tension on flavor changing neutral current problem and on too rapid a proton decay in supersymmetric grand unified theories [16] .
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Appendix A: The MSSM Extension with a vector leptonic multiplet
In Section 3 we extended MSSM to include a vector like generation. Here we provide further details of this extension. A vectorlike multiplet consists of an ordinary fourth generation of leptons, quarks and their mirrors. A vector like generation is anomaly free and thus inclusion of it respects the good properties of a gauge theory. Vector like multiplets arise in a variety of unified models [17] some of which could be low lying. They have been used recently in a variety of analyses [18, 19, 20, 21, 22, 23, 24, 25, 26, 28] . In the analysis below we will assume an extended MSSM with just one vector mulitplet. Before proceeding further we define the notation and give a very brief description of the extended model and a more detailed description can be found in the previous works mentioned above. Thus the extended MSSM contains a vectorlike multiplet. To fix notation the three generations of leptons are denoted by
where the properties under 
Interesting new physics arises when we allow mixings of the vectorlike generation with the three ordinary generations. Here we focus on the mixing of the mirrors in the vectorlike generation with the three generations. Thus the superpotential of the model allowing for the mixings among the three ordinary generations and the vectorlike generation is given by
whereˆimplies superfields,ψ L stands forψ 3L ,ψ µL stands forψ 2L andψ eL stands forψ 1L . The mass terms for the neutrinos, mirror neutrinos, leptons and mirror leptons arise from the term
where ψ and A stand for generic two-component fermion and scalar fields. After spontaneous breaking of the electroweak symmetry, (
, we have the following set of mass terms written in the 4-component spinor notation so that
where the basis vectors in which the mass matrix is written is given bȳ
and the mass matrix M f is given by
We define the matrix element (22) of the mass matrix as m N so that
The mass matrix is not hermitian and thus one needs bi-unitary transformations to diagonalize it.
We define the bi-unitary transformation so that
Under the bi-unitary transformations the basis vectors transform so that
In Eq. (38) ψ 1 , ψ 2 , ψ 3 , ψ 4 are the mass eigenstates for the neutrinos, where in the limit of no mixing we identify ψ 1 as the light tau neutrino, ψ 2 as the heavier mass eigen state, ψ 3 as the muon neutrino and ψ 4 as the electron neutrino. A similar analysis goes to the lepton mass matrix M where
In general f 3 , f 4 , f 5 , f 3 , f 4 , f 5 , f 3 , f 4 , f 5 can be complex and we define their phases so that
We introduce now the mass parameter m E defined by the (22) element of the mass matrix above so that
Next we consider the mixing of the charged sleptons and the charged mirror sleptons. The mass squared matrix of the slepton -mirror slepton comes from three sources: the F term, the D term of the potential and the soft SUSY breaking terms. Using the superpotential of Eq. (32) the mass terms arising from it after the breaking of the electroweak symmetry are given by the Lagrangian
where L F is deduced from Eq. (32) and is given in [27] , while the L D is given by
For L soft we assume the following form 
Here Mẽ L , Mν e etc are the soft masses and A e , A νe etc are the trilinear couplings. The trilinear couplings are complex and we define their phases so that A e = |A e |e iα Ae , A νe = |A νe |e iα Aν e , · · · .
From these terms we construct the scalar mass 2 matrices [27] which are exhibited in Appendix C. In this section we discuss the interactions in the mass diagonal basis involving charged leptons, sneutrinos and charginos. Thus we have
such that
with
We now discuss the interactions in the mass diagonal basis involving charged leptons, sleptons and neutralinos. Thus we have
and where
Here X are defined by
where X diagonalizes the neutralino mass matrix and is defined by Eq. (19) .
In addition to the computation of the supersymmetric loop diagrams, we compute the contributions arising from the exchange of the W and Z bosons and the leptons and the mirror leptons in the loops. The relevant interactions needed are given below. For the W boson exchange the interactions that enter are given by
For the Z boson exchange the interactions that enter are given by
where x = sin 2 θ W .
Appendix C : The scalar mass squared matrices
For convenience we collect here all the contributions to the scalar mass 2 matrices arising from the superpotential. They are given by
where 
We define the scalar mass squared matrix M 2 τ in the basis (τ L ,Ẽ L ,τ R ,Ẽ R ,μ L ,μ R ,ẽ L ,ẽ R ). We label the matrix elements of these as (M 2 τ ) ij = M 2 ij where the elements of the matrix are given by 
